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INTRODUCTION

Trop2 is a type-1 trans-membrane glycoprotein over-expressed in numerous carcinomas including
prostate cancer'*?. In addition to its elevated levels in epithelial cancers, Trop2 is a marker of stem/progenitor
cells in the prostate™. The overall goal of the proposed project is to uncover the biology behind Trop2 signaling
in prostate cancer.

Our previous data demonstrated that Trop2 is highly expressed in human prostate cancer and mouse
models of prostate cancer driven by epithelial AKT or stromal FGF10. Trop2 has oncogenic potential in vivo
measured by prostate tissue regeneration assay. To explore the connection between Trop2, transformation and
stem/progenitor cells in the prostate, we investigated the role of Trop2 in self-renewal. Using in vitro sphere
assay and in vivo prostate regeneration assays, we established that Trop2 regulates adult prostate
stem/progenitor self-renewal and prostate tubule formation.

We have also determined that Trop2 is activated by regulated intramembrane proteolysis (RIP), and the
resulting cleavage products drive self-renewal and proliferation. RIP is a two step process--an initial proteolytic
cut, taking place at a site outside of the membrane, shedding the extracellular domain (ECD) of Trop2 followed
by a second cut within the cellular membrane generating free intracellular domain (ICD). We have established
that TNF-a converting enzyme (TACE) mediates the initial proteolysis since inhibition of the enzyme by small
molecules (TAPI-2) leads to a dramatic increase of full length Trop2. gamma-secretase complex containing PS-
1 and PS-2 enzymes mediates a second cleavage, assessed by the appearance of an intermediate cleavage
product (ICP) upon chemical inhibition of gamma-secretase by DAPT (Fig. 1A). The 15 kDa ICP can be
detected only if the first proteolytic cut by TACE takes place, while the second step of processing is being
blocked (Fig. 1A). Trop2 ICD and ECD alone were sufficient to increase self-renewal activity measured by
sphere number and proliferation assessed by sphere size in primary prostate cells in vitro.

In this proposal, we aim to delineate the functional role of Trop2 in prostate carcinogenesis and self-
renewal and the molecular mechanism though which Trop2 regulates these processes. Understanding the
mechanism of Trop2 function may provide insights into novel and more effective therapies. ldentification of the
molecular mechanism and pathways regulated by Trop2 may point the way to novel strategies for inhibiting the
action of other target proteins. The knowledge gained by completion of the proposed research could be applied
in the future to create novel drugs that could potentially inhibit Trop2 or Trop2 regulated signaling.

BODY
Proposed Tasks:

Task 1: Define the functional role of Trop2 in prostate tumorigenesis and stem/progenitor cell self-
renewal.

Task 2: Identify the molecular mechanism through which Trop2 regulates prostate stem/progenitor self-
renewal activity and transformation.

Task 3: Determine if Trop2 proteolytic activation is sufficient to transform naive epithelium.

Progress:
Trop2 is cleaved at two distinct sites. Based on Notch cleavage sites™™, we predicted the likely

TACE cleavage site within the ECD (between alanine 187 and valine 188) and gamma-secretase cleavage site
within the transmembrane domain (between glycine 285 and valine 286). Each valine was substituted to a lysine
through site directed mutagenesis (V188K and V286K). We tested if mutation at the gamma-secretase cleavage
site would result in the appearance of ICP. Similar to previously shown treatment with DAPT accumulation of
ICP was observed in the V286K mutant but not in the wild type Trop2 (Fig. 1B). We further tested if the
V188K mutant is cleaved. Precipitated media from prostate cells expressing TACE cleavage mutant (V188K),
wild-type Trop2-Myc-tag (mTrop2) or RFP (Control) lentivirus was subjected to western blot analysis with
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antibodies against Myc-tag (ICD) and ECD. Cleaved and shed ECD was detected in the media from cells
expressing wild-type Trop2 (mTrop2) but not from the cells expressing the V188K cleavage mutant (Fig. 1C).

Similar results were obtained utilizing TACE and gamma-secretase inhibitors. DAPT and TAPI-2
resulted in significant decrease of ICD localized in the nucleus (Fig. 1D). Knock-down of PS-1 and PS-2
subunits of gamma-secretase resulted in increase of uncleaved membranous Trop2 (Fig. 1E). These results
address the proposed Task 2.

Cleavage of Trop2 is required for its self-renewal and proliferative activity. Prior to functionally test the
Trop2 cleavage mutants we established their proper sub-cellular localization (Fig. 2A). PEB cells were
transduced with the gamma-secretase cleavage mutant (V286K), TACE cleavage mutant (\V188K), wild-type
Trop2-Myc-tag (mTrop2) or RFP (Control) lentivirus. V286K and V188K localize on the cell surface similarly
to the wild type Trop2 as measured by FACS (Fig. 2A). Next, we tested if wild type or mutant Trop2 over-
expression increases the percent of cycling cells in benign epithelial cells. Both cleavage mutants V286K and
V188K failed to increase proliferation and demonstrated cell cycle profiles similar to the control, while
heightened Trop2 led to an increase in cycling cells (Fig 2B). We further tested the effect of Trop2 cleavage
mutants on prostate stem/progenitor self-renewal. Prostate stem/progenitor cells (LSCT™) cells were infected
with lentivirus expressing RFP (Control), mTrop2, V286K or V188K cleavage mutants and plated in the in vitro
sphere assay (Fig. 2C). While heightened levels of wild-type Trop2 promoted sphere formation, the cleavage
mutants V286K and V188K failed to enhance self-renewal (Fig. 2C). Moreover, V286K negatively affected
sphere formation (Fig. 2C). These results demonstrate that V286K may have a dominant negative effect on
endogenous Trop2 while V188K acts as a loss of function mutant. Pharmacological inhibition of Trop2
cleavage was also tested in the sphere assay. DAPT and TAPI-2 negatively impacted sphere formation in
LSCT™ cells by reducing sphere number and size (Fig. 3). These results address the proposed Task 2.

Heightened expression of ICD and ECD initiates prostatic intraepithelial neoplasia in vivo. We
hypothesized that the expression of ICD alone will mimic active Trop2, while a cleavage mutant will represent
a loss of function in vivo. ICD to mimic active Trop2, gamma-secretase cleavage mutant V286K and RFP alone
were introduced into primary mouse prostate cells via lentiviral infection and subjected to in vivo regeneration
assay. Infection efficiency was assessed by the presence of RFP color marker carried by each lentiviral vector.
Enhanced expression of V286 and mICD was confirmed by immunofluorescence or immunohistochemistry
analysis in three independent grafts. Over-expression of ICD giving rise to lesions that morphologically
resemble PIN, a precursor to carcinoma (Fig. 4). V286K regenerated grafts resembled RFP control and showed
normal tubule regeneration, demonstrating that cleavage and activation of Trop2 is required for its
transformation activity (Fig. 4). ECD alone was also sufficient to induce neoplastic lesions in the prostate in
vivo regeneration assay (Fig. 5). These results address the proposed Task 3.

Trop2 is cleaved in human prostate cancer. We next asked if cleavage of Trop2 is observed in human
prostate cancer. Frozen serial sections (4 micron thickness) of tissues from 11 prostate cancer patients
containing both benign and cancer regions were subjected to co-immunofluorescence with antibodies against
the ICD and ECD of human Trop2 or H&E staining (Fig. 6). Stained tissues were analyzed for ICD and ECD
cellular localization by confocal microscopy. Nuclear ICD was detected only in the cancer specimens, but not in
the benign counterparts in 6 out of the 11 patient samples analyzed (6/11) (Fig. 6 and Fig.7). ECD was detected
only in the cytoplasm and on the membrane in all patient samples in both cancer and benign regions (Fig. 6 and
Fig.7). These results indicate that cleavage and activation of Trop2 are associated with human prostate cancer.
These results address the proposed Task 3.

KEY RESEARCH ACCOMPLISHMENTS:
» We have identified the TACE and gamma secretase cleavage sites within Trop2.
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» Cleavage of Trop2 is necessary for its self-renewal and proliferative function.
» ICD and ECD alone drive hyperplasia in vivo.
» ICD localizes in the nucleus in human prostate cancer, but not in the benign prostate.

REPORTABLE OUTCOMES:

Mauscripts: Stoyanova T, Goldstein AS, Cai H, Drake JM, Huang J and Witte ON. (2012). Regulated
proteolysis of Trop2 drives epithelial hyperplasia and stem cell self-renewal via beta-catenin signaling. Genes
Dev., 26(20):2271-85. PMCID: PMC3475800

CONCLUSION:

We have now shown that Trop2 is a new regulator of stem/progenitor activity in the prostate. Trop2
controls self-renewal, proliferation and tissue hyperplasia through two cleavage products (ICD and ECD)
generated by RIP. The intracellular domain of Trop2 is released from the membrane and accumulates in the
nucleus. Nuclear ICD is found in human prostate cancer but not in the cancer-adjacent benign tissue, suggesting
a role for Trop2 cleavage in tumorigenesis. Heightened expression of Trop2 intracellular or extracellular
domains are sufficient to initiate precursor lesions to prostate cancer in vivo. Importantly, we demonstrate that
Trop2 loss of function cleavage mutants are deficient in inducing self-renewal and tumorigenesis in the prostate.
These findings suggest that heightened expression of Trop2 is selected for in epithelial cancers to enhance the
stem-like properties of self-renewal and proliferation. Identifying the factors that regulate self-renewal will
enhance our understanding of the tumorigenic process and lead to the design of novel cancer therapies.
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Figure 1. Trop2 is cleaved at two distinct sites by TACE and gamma secretase. (A) Schematic
representation of generation of intermediate cleavage product (ICP) upon inhibition of gamma secretase. (B)
PEB cells were infected with lentivirus expressing RFP (Control), mTrop2-Myc-tag and RFP (mTrop2) or
V286K-Myc-tag (V286) mutant. Cells were subjected to western blot with antibodies against Myc-tag or the
ECD of Trop2. Red arrow shows ICP appearance in V286K demonstrating not fully processed Trop2 and the
blue arrow indicates full length Trop2 (FLTrop2). (C) Serum free media from TRAMP-C2 cells transduced
with RFP lentivirus (Control), mTrop2-Myc-tag (mTrop2) or V188K-Myc-tag (V188K) was precipitated
followed by western blot. Only the ECD of Trop2 was detected in the precipitated media from cells expressing
wild-type Trop2, but not from cells expressing V188K. (D) TRAMP-C2 expressing mTrop2 with a C-teminal
Myc-tag to follow the ICD were treated with DMSO (Vehicle), DAPT or TAPI-2. 24hours post treatment cells
were fixed and stained with anti-Myc-tag or anti-ECD antibody and DAPI and subjected to confocal
microscopy. Scale bar represents 10 microns. (E) PEB cells expressing mTrop2-RFP were transfected with
control, PS-1, PS-2 or both PS-1 and PS-2 siRNA and stained with anti-Trop2 ECD antibody followed by
FACS analysis. Fold change of mean fluorescent intensity compared to control siRNA is shown.



Figure 2. Cleavage of Trop2 is necessary for its self-renewal and proliferative function. (A) FACS
analysis of PEB cells transduced with lentivirus carrying RFP (Control), mTrop2, V188K or V286K and
stained with anti-Trop2 ECD antibody for analysis by FACS. (B) Cell cycle analysis of PEB cells transduced
with lentivirus carrying RFP (Control), mTrop2, V188K or V286K and stained with PI. (C) LSCT" cells were
isolated by FACS. Equal number of cells were infected with RFP (Control), mTrop2, V286K or V188K
mutants expressing lentivirus and plated in sphere assay in triplicates. Representative pictures of spheres
expressing mTrop2, V286K or V188K mutants are shown. Scale bars represent 100 microns. Sphere number
and diameter in microns were quantified after generations 1 (Gen 1) and 2 (Gen 2). Sphere number in each
sample is presented as percentage normalized to the RFP infected spheres (Control) (left graphs). Data are
represented as mean +/- SEM.



Figure 3. Cleavage of Trop2 is necessary for its self-renewal function. Equal numbers of progenitor cells
(LSCT™) were plated in triplicate and treated with DMSO, DAPT, TAPI-2 or the combination of DAPT and
TAPI-2 every 48h hours. Upper panels show images of spheres grown in the indicated conditions. Scale bars
represent 100 microns. Sphere number and sphere size was reduced upon treatment with DAPT and TAPI-2
(bottom graphs). Sphere size was measured at Gen 1.



Figure 4. ICD alone drive hyperplasia in vivo. Dissociated primary prostate cells were transduced with RFP
(Control), mICD or V286K expressing lentivirus. Infected prostate cells were combined with UGSM and
subjected to the in vivo regeneration assay. Eight weeks later grafts were recovered, fixed in formalin and
sectioned for histological analysis. Left panels represents immunofluorescence (IF) showing infected tubules,
middle panel shows immunofluorescence with anti-Trop2 ECD or immunohistochemistry (IHC) with anti-ICD
or anti-AKT respectively. Right two panels show the histology of the recovered grafts. One out of three
independent experiments is shown. Scale bars represent 200 or 50 (right panels) microns.



Figure 5. ECD alone drive hyperplasia in vivo. Dissociated primary prostate cells were transduced with
lentivirus carrying RFP (Control) or ECD-Fc. Infected prostate cells were combined with UGSM and subjected
to the in vivo regeneration assay. Eight weeks later, tissues were removed and gland histology was examined.
Left panels represent immunofluorescence (IF) showing infected tubules, middle panels show
immunofluorescence with anti-Trop2 ECD. Right two panels show the histology of the recovered grafts. One
out of two independent experiments is shown. Scale bars represent 100 or 50 (right panels) microns.



Figure 6. Nuclear localization of ICD is found in human prostate cancer. Immunofluorescence with anti-
ECD, anti-ICD antibodies and DAPI of tissues from human prostate cancer patients. One out of eleven patient
samples is shown. A benign region is presented in the left two columns and a cancer region is shown in the
right two columns. Histology is shown in the upper two panels by H&E staining. Scale bars represent 100
microns. ICD nuclear localization can be detected only in cancer, but not in the benign prostate (green). ECD is
found in the cytoplasm and on the membrane in the benign and cancer regions (Red). DAPI demonstrates
nuclear staining (blue). Merged images are presented in the bottom panels. Scale bars in the
immunofluorescence images represent 10 microns to visualize ICD and ECD localization.



Figure 7. ICD localizes in the nucleus in human prostate cancer, but not in the benign prostate. Table
shows patient samples analyzed in Figure 4. Pathologic stage is based on the 7" Edition AJCC Cancer Staging
Manual. The presence of nuclear ICD is shown in the last two columns.
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The cell surface protein Trop2 is expressed on immature stem/progenitor-like cells and is overexpressed in many
epithelial cancers. However the biological function of Trop2 in tissue maintenance and tumorigenesis remains
unclear. In this study, we demonstrate that Trop2 is a regulator of self-renewal, proliferation, and transformation.
Trop2 controls these processes through a mechanism of regulated intramembrane proteolysis that leads to
cleavage of Trop2, creating two products: the extracellular domain and the intracellular domain. The intracellular
domain of Trop2 is released from the membrane and accumulates in the nucleus. Heightened expression of the

Trop2 intracellular domain promotes stem/progenitor self-renewal through signaling via B-catenin and is
sufficient to initiate precursor lesions to prostate cancer in vivo. Importantly, we demonstrate that loss of
B-catenin or Trop2 loss-of-function cleavage mutants abrogates Trop2-driven self-renewal and hyperplasia in the
prostate. These findings suggest that heightened expression of Trop2 is selected for in epithelial cancers to
enhance the stem-like properties of self-renewal and proliferation. Defining the mechanism of Trop2 function in
self-renewal and transformation is essential to identify new therapeutic strategies to block Trop2 activation in

cancer.

[Keywords: Trop2; self-renewal; transformation; regulated intramembrane proteolysis; B-catenin]
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Trop2 is a type I transmembrane glycoprotein highly
expressed in various epithelial cancers, such as advanced
squamous cell carcinoma of the oral cavity and colorectal,
pancreatic, gastric, and ovarian cancer, and its high levels
correlate with poor prognosis and survival (Nakashima
et al. 2004; Ohmachi et al. 2006; Fong et al. 2008a,b;
Kobel et al. 2008; Fang et al. 2009; Muhlmann et al.
2009). Monoclonal antibodies targeting Trop2 exhibit
potent anti-cancer activity through cytotoxicity in mul-
tiple xenograft models of cancer, including prostate,
pancreatic, breast, colon, endometrial, and lung cancer
(Young et al. 2008; Govindan et al. 2009; Alberti 2012).
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Knockdown of Trop2 abrogates the growth of colon
cancer cell lines and inhibits tumor initiation and pro-
gression in mice (Wang et al. 2008; Trerotola et al. 2012a).
Recently, Trop2 was demonstrated to play dual functions
in tumorigenesis—as a tumor suppressor and an onco-
gene (Wang et al. 2008, 2011).

Cancer cells share multiple characteristics with adult
tissue stem cells, such as self-renewal and proliferative
capacity. Many factors that regulate stem/progenitor
function and development have been found altered in
prostate cancer. Activation of the PI3K pathway pro-
motes self-renewal and has a prominent role in prostate
malignancy (Yoshimoto et al. 2006; Mulholland et al.
2009). The Polycomb protein Bmi-1 regulates both self-
renewal and tumorigenesis in the murine prostate, and
its increased expression correlates with unfavorable out-
come (van Leenders et al. 2007; Lukacs et al. 2010). Other
pathways, such as Wnt and Notch, control the balance
between stem/progenitor self-renewal and differentiation
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and are also frequently dysregulated in prostate cancer
(Shou et al. 2001; Chen et al. 2004; Wang et al. 2006).

Several groups have demonstrated that Trop2 is a
marker of stem/progenitor cells in adult tissues. Trop2 is
not expressed in the normal liver but appears on the
undifferentiated oval cells shortly after their activation
due to liver injury (Okabe et al. 2009). Trop2. also enriches
for endometrial-regenerating cells in a dissociated cell
tissue recombination assay (Memarzadeh et al. 2010).
In the human and mouse prostate, the Trop2-expressing
subpopulation of basal cells (Trop2™) possesses stem
cell capacities such as self-renewal, tissue regeneration,
and multilineage differentiation (Goldstein et al. 2008,
2010).

Despite its broad expression in cancer, little is known
about Trop2-mediated signaling. A recent study demon-
strated that Trop2 inhibits cell adhesion by promoting the
interaction between -1 integrin and RACKI1 in prostate
cancer cell lines (Trerotola et al. 2012b). Trop2 has been
reported to control the interaction with the extracellular
matrix during kidney development (Tsukahara et al.
2011). Finally, Trop2 is demonstrated to regulate Ca*
signaling, and its cytoplasmic tail is phosphorylated by
protein kinase C (PKC]) in vitro (Basu et al. 1995; Ripani
et al. 1998). The downstream signals transmitted upon
phosphorylation of Trop2 remain to be defined.

Regulated intramembrane proteolysis (RIP) is a mecha-
nism of processing and activation of transmembrane pro-
teins, including adhesion molecules such as N-cadherin
and E-cadherin (Brown et al. 2000; Maretzky et al. 2005;
Lal and Caplan 2011; Solanas et al. 2011). Members of the
Notch family of receptors, involved in cell fate decisions,
are also regulated by RIP (De Strooper et al. 1999). RIP has
been recently associated with cancer. Activating mu-
tations of Notch 1 resulting in its cleavage are found
in 56% of patients suffering from T-ALL (T-cell acute
lymphoblastic leukemia) and are also associated with
various solid tumors (Weng et al. 2004; Lobry et al. 2011;
Ranganathan et al. 2011). A recent study revealed that
EpCAM, an adhesion protein that shares 50% homology
with Trop2, functions in cellular transformation via RIP
cleavage mechanisms (Maetzel et al. 2009). High levels of
activated EpCAM are detected in breast, prostate, head
and neck, and esophageal cancers and has been associated
with poor prognosis in thyroid cancer (Ralhan et al.
2010a,b).

Although Trop2 expression is elevated in various car-
cinomas and serves as a marker of stem/progenitor cells,
the functional role of Trop2 in self-renewal, its relation to
transformation, and the molecular mechanisms by which
Trop2 transmits signals to regulate these processes re-
main unclear. In the present study, we demonstrate that
Trop2 controls stem/progenitor self-renewal and tissue
regeneration in the prostate. Trop2 is activated by RIP,
and its cleavage is carried out by the TNF-a-converting
enzyme (TACE) followed by vy-secretase cleavage within
the transmembrane domain, resulting in shedding of the
extracellular domain (ECD) and accumulation of the
intracellular domain (ICD) to the nucleus. Nuclear ICD
is found in human prostate cancer but not in the cancer-
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adjacent benign tissue, suggesting a role for Trop2 cleavage
in tumorigenesis. The ICD alone promotes self-renewal,
initiates prostatic intraepithelial neoplasia (PIN), and is
involved in a signaling cascade dependent on B-catenin.
Nuclear B-catenin colocalizes with nuclear ICD in human
prostate cancer. Moreover, loss of B-catenin abolishes
Trop2-driven self-renewal and transformation activity.
Blocking cleavage of Trop2 by mutating its cleavage sites
abrogates its self-renewal and transformation capacity,
demonstrating that RIP is required for Trop2 activity.
Defining the functional role of Trop2 in self-renewal and
transformation and delineating the molecular mecha-
nism of Trop2 action may promote development of new
therapeutic strategies to inhibit Trop2 signaling in a wide
range of epithelial tumors.

Results

Trop2 regulates self-renewal of stem/progenitor cells
and tissue regeneration in the adult prostate

Stem/progenitor cells can be expanded in an in vitro sphere
assay in which sphere number over multiple passages
measures self-renewal activity, and sphere size is a reflec-
tion of progenitor proliferation capacity (Reynolds and
Weiss 1996; Dontu et al. 2003a,b, 2004; Xin et al. 2007;
Lukacs et al. 2010). By using cell surface markers CD49f,
Sca-1, and Trop2, we previously demonstrated the ability
to enrich for luminal (CD49f!°, Sca-17) and basal (LSC or
CD49f", Scal*) cells and to further subdivide the basal
cells into Trop2' (LSCT'") and stem/progenitor enriched
Trop2™ fractions (LSCT™) (Supplemental Fig. S1A; Lawson
et al. 2007; Goldstein et al. 2008). To investigate the func-
tional role of Trop2 in stem/progenitor cell self-renewal,
we constructed lentiviral vectors expressing a potent
Trop2 microRNA (miRNA) mimic (miRNA Trop2) to
diminish the levels of Trop2 or a nontargeting scrambled
miRNA (miRNA scrambled) carrying the green fluores-
cent protein (GFP) for visualization of transduced cells
(Supplemental Fig. S1B). The progenitor-enriched popu-
lation LSCT™ was transduced with miRNA Trop2 or
miRNA scrambled, plated in the sphere assay, and further
passaged to second-generation spheres to measure self-
renewal (Gen 2) (Fig. 1A). Trop2 knockdown resulted in
a fourfold reduction in self-renewal activity, as measured
by sphere number upon passaging (Gen 2) (Fig. 1A). The
progenitor proliferation capacity assessed by the sphere
size was also significantly reduced upon knockdown of
Trop2, as demonstrated by the twofold reduction in sphere
diameter (Fig. 1A).

Dissociated prostate cells are able to regenerate prostatic
tubules when combined with urogenital sinus mesen-
chyme (UGSM) and implanted under the kidney capsule
of severe combined immunodeficiency (SCID) mice (Cunha
and Lung 1978; Xin et al. 2003). Previous interrogation
of different epithelial subpopulations revealed that only
LSCT™ basal stem/progenitor cells possess regenerative
activity and can give rise to a prostate-like structure in
the in vivo regeneration assay (Goldstein et al. 2008). To
assess the role of Trop2 in prostate tubule formation and
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Figure 1. Trop2 regulates self-renewal in
the prostate. (A) Prostate progenitor cells
(LSCT™) were isolated by fluorescence-acti-
vated cell sorting (FACS). An equal number
of LSCT" cells was infected with a lentivi-
rus expressing scrambled miRNA and GFP
(miRNA Scrambled) or a lentivirus express-
ing Trop2 miRNA and GFP (miRNA Trop2),
followed by the in vitro sphere assay. Each
sample in the experiment was plated in
triplicate. Three independent experiments
were performed. The Ileft panels show rep-
resentative sphere pictures and nearly 100%
infection efficiency, assessed by GFP-positive
spheres. Bar, 100 um. Sphere number and
diameter, referred to as sphere size in mi-
crons, were counted at generation 1 (Gen 1).
Spheres were dissociated into single cells,
and an equal number of cells was plated for
passaging to generation 2 (Gen 2). Sphere
number is presented as percentage normal-
ized to miRNA Scrambled. Data are repre-
sented as mean of the triplicates + SEM.
Statistical analysis is shown. (ns) Nonsig-
nificant. The level of Trop2 knockdown is
shown by Western blot in spheres at Gen 1
prior to replating for Gen 2. Trop2 is highly
glycosylated and appears as an irregular
band between 35 and 50 kD (Supplemental
Fig. S1C). (B) Trop2 expression was down-
regulated in dissociated primary prostate
cells via transduction with miRNA Scram-
bled or miRNA Trop2 lentivirus expressing
GFP followed by the in vivo regeneration
assay. One out of three representative re-
covered grafts for each condition is shown.
Bars: left panels, 800 p.m; right panels, 100 pm.
The number of GFP tubules per section for

each graft was counted in miRNA Scrambled or miRNA Trop2 grafts and plotted as mean = SEM. Diameter of 30 GFP-positive tubules
was measured in microns. (C) An equal number of LSCT™ or LSCT™ cells was transduced with a RFP-expressing (control) or mouse
Trop2- and RFP-expressing (mTrop2) lentivirus and plated in triplicate for each sample in an in vitro sphere assay. Three independent
experiments were performed. The left panels represent spheres from LSCT™ transduced with either RFP (control) or mTrop2 and RFP
(mTrop2). Bars, 100 pm. LSCT™ sphere number was counted at Gen 1 and Gen 2, while LSCT" sphere number was counted only at
Gen 1, since no growth was observed. Sphere number is presented as percentage normalized to RFP transduced spheres and presented as

mean of the triplicates = SEM.

regeneration in vivo, dissociated primary prostate cells
(2.5 X 10°) were transduced with miRNA Trop2 or
miRNA scrambled lentivirus at an equivalent multiplic-
ity of infection (MOI = 50) (Fig. 1B). Transduced prostate
cells were combined with UGSM cells (2.5 X 10°) and
subjected to an in vivo regeneration assay (Fig. 1B). Upon
histological analysis of the recovered grafts, we observed
that Trop2 knockdown grafts contained fourfold fewer
infected tubules when compared with the control (Fig.
1B). Tubules derived from Trop2 knockdown epithelium
were also smaller, with an average diameter of 100 um, in
contrast to the control grafts, with an average diameter of
260 wm (Fig. 1B). Trop2 loss attenuates prostate regener-
ation in vivo and sphere formation in vitro, demonstrat-
ing that Trop2 not only is a marker for stem/progenitor
cells, but also functionally regulates adult tissue self-
renewal and prostate regeneration.

The functional role of Trop2 in self-renewal was also
assessed by measuring sphere formation upon Trop2
overexpression. LSCT™ and LSCT™ basal cells were
infected with either mouse Trop2- and RFP-expressing
(mTrop2) or RFP-expressing (Control) lentivirus (Fig.
1C; Supplemental Fig. S1D). Heightened Trop2 pro-
moted a threefold expansion of Gen 2 cells (Fig. 1C).
Consistent with our previous report, LSCT™ cells lack
sphere-forming activity (Goldstein et al. 2008). Ectopic
expression of Trop2 was not sufficient to induce sphere
growth in LSCT'™ cells (Fig. 1C), suggesting that Trop2!°
cells may lack signaling components important for
Trop2 activity. Previous studies demonstrating that
B-catenin promotes the expansion of prostate spheres
(Lukacs et al. 2010; Shahi et al. 2011) led us to test the
status of B-catenin in LSCT' versus LSCTM basal cells.
Confocal microscopy revealed significantly lower levels
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of B-catenin in LSCT'Y in comparison with LSCT™
(Supplemental Fig. S2).

Trop2 is processed by proteolytic cleavage, generating
the ICD and ECD

We noted Trop2 localization in the nucleus in a small
fraction of cells. To quantitatively measure Trop2 lo-
calization, a mouse prostate epithelial basal (PEB) cell
line (Salm et al. 2000) that expresses endogenous Trop2
was used. PEB cells were infected with lentivirus express-
ing RFP or RFP and Trop2 modified with a C-terminal
Myc tag to follow Trop2 ICD. Confocal microscopy
revealed that the ICD is found on the membrane in
100% of the cells and within the nucleus in 15% of the
cells, while Trop2 ECD can be detected only on the
plasma membrane and in the cytoplasm (Fig. 2A). We
performed further analysis to determine whether Trop2
ECD is shed from the cellular membrane in PEB and
another prostate epithelial cell line, TRAMP-C2, cells
(Foster et al. 1997). Trop2 ECD, but not ICD, was detected
in precipitated medium from cells expressing Trop2 (Fig.
2B). Taken together, these data support a model where
Trop2 is cleaved, resulting in shedding of the ECD and
accumulation of the ICD in the nucleus (Fig. 2A,B).

Trop2 cleavage products independently stimulate
self-renewal and proliferation

Given that Trop2 is cleaved, releasing two fragments
(ECD and ICD), we asked whether these different do-
mains serve alternative functional roles in the prostate.
Lentivirus carrying either the ICD or the secreted ECD
fused to the Fc region of human IgGl to ensure proper
secretion and stability (Trop2-ECD-Fc fusion) was gener-
ated (Supplemental Fig. S1D). ICD expression is demon-
strated by immunofluorescence (Supplemental Fig. S3A).
Dissociated primary mouse prostate cells were infected
with either control lentivirus expressing RFP (control) or
lentivirus expressing mouse Trop2 ICD and RFP (mICD)
and were plated in the sphere assay. The ICD was suf-
ficient to increase sphere formation and stem/progenitor
proliferation, measured by sphere number and size, even
prior to replating in Gen 1, suggesting that the ICD is the
functionally dominant portion of the molecule (Fig. 2C).
Further passaging showed continued enhancement of
self-renewal activity, as measured by sphere number in
Gen 2 (Fig. 2C).

Next, we tested the role of the ECD in self-renewal and
proliferation. 293T cell lines were transduced with either
a control lentivirus expressing RFP or a lentivirus express-
ing both ECD-Fc and RFP to generate secreted ECD that
we confirmed by Western blot (Fig. 2D). LSCT™ cells
were plated in the sphere assay and treated with either
conditioned medium from the control 293T (CM) or
conditioned medium containing ECD-Fc (CM+ECD)
(Fig. 2D). Secreted ECD caused an increase in sphere
size but not in sphere number, suggesting that the ECD
increases the proliferation of prostate stem/progenitor
cells (Fig. 2D). The activation of RIP is induced by ligand
binding to its receptor (Schroeter et al. 1998; Mumm
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et al. 2000). Trop2 is an orphan receptor without a
known ligand. We investigated the effects of the ECD
on Trop2 processing. Upon treatment of prostate cells
with secreted ECD by 293T cells, we observed the
appearance of small-molecular-weight fragments at a
size of 6 kD, suggesting that Trop2 is cleaved (Supple-
mental Fig. S3B). Further studies will be necessary to
rule out whether the ECD induces Trop2 cleavage by
direct homophilic interaction or through distinct bind-
ing partners.

Trop2 is cleaved by RIP

Detection of the ECD and ICD at different cellular com-
partments and their independent function in self-renewal
and proliferation led us to investigate the mechanisms
through which Trop2 is being cleaved. TACE is a member
of the ADAM family of proteases that mediates the initial
proteolysis and ectodomain shedding of several trans-
membrane proteins during RIP, followed by intramem-
brane proteolysis carried out by the y-secretase complex.
To test whether TACE and y-secretase play a role in Trop2
processing, PEB cells expressing Trop2-Myc tag were
treated with the TACE inhibitor (TAPI-2) or y-secretase
inhibitor (DAPT). Treatment with TAPI-2 resulted in a
significant increase in the levels of uncleaved full-length
Trop2 (Fig. 3A; Supplemental Fig. S4A). Treatment of PEB
cells with DAPT caused a significant increase in the full-
length Trop2 as well as the appearance of an intermediate
cleavage product (ICP) (Fig. 3A, Supplemental Fig. S4A).
The ICP of ~15 kD in size can be generated if Trop2 is not
fully processed, but the first TACE cut still takes place
(Fig. 3A). Treatment with DAPT and TAPI-2 also resulted
in significant decrease of ICD localized in the nucleus
(Fig. 3B). While RIP has been implicated in the activation
of several transmembrane proteins, for the first time, we
demonstrate that Trop2 is cleaved and its processing
involves RIP.

Presenilin 1 (PS-1) and PS-2 are catalytic subunits of the
v-secretase complex. Full-length Trop2 increases upon
silencing of PS-1 and to a lesser extent upon silencing of
PS-2 by siRNA (Fig. 3C; Supplemental Fig. S4B,C). Upon
knockdown of either PS-1 or PS-2, we observed accumu-
lation of Trop2 ICP similar to DAPT treatment (Fig. 3C).
Knockdown of both PS-1 and PS-2 has an additive effect
on Trop2 processing, as we observed a greater accumula-
tion of ICP (Fig. 3C). An increase in Trop2 on the cell
surface was detected upon PS-1 knockdown and to a lesser
extent upon PS-2 knockdown, as measured by fluores-
cence-activated cell sorting (FACS) analysis (Supplemen-
tal Fig. S4C). These observations suggest that PS-1 is the
major protease involved in Trop2 processing.

Trop2 and EpCAM have distinct expression patterns
in the adult mouse prostate

Related proteins can often carry out different functions in
distinct cell populations. Since we found that Trop2 is
processed through RIP, we investigated the expression
patterns of Trop2 and EpCAM, a related molecule pre-
viously demonstrated to be regulated by RIP (Maetzel
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Figure 2. Trop2 ECD and ICD localize at distinct sites within the cell. Trop2 regulates stem/progenitor self-renewal through ICD and
ECD cleavage products. (A) Confocal microscopy of PEB cells stained with anti-Myec tag or anti-ECD antibody and DAPI. The right two
panels represent PEB cells infected with lentivirus expressing RFP (PEB) as a negative control to determine whether anti-Myc tag
antibody recognizes any endogenous myec. Staining of PEB cells expressing mTrop2 with a C-terminal Myc tag to follow the ICD with
the indicated antibodies is presented in the Ieft four panels. Bar, 10 pm. One out of three independent experiments is shown. Graphs
represent the percentage of cells with nuclear ICD or ECD (left graph) and cytoplasmic and membrane ICD or ECD (right graph). (B)
Serum-free medium from TRAMP-C2 cells transduced with RFP lentivirus (control) or mTrop2-Myc tag (mTrop2) was precipitated
(precipitated media), followed by Western blot using commercial anti-ECD antibody or anti-Myc tag recognizing the ICD or Erk2 as
a marker for cell lysate. Cell lysates from TRAMP-C2 cells expressing mTrop2-Myc tag (mTrop2) and CM produced by 293T expressing
secreted Trop2-ECD-Fc (CM+ECD) were used as positive controls. Only the ECD of Trop2 was detected in the precipitated media.
Highly glycosylated Trop2 is shown between 35 and 50 kD. Four independent experiments were performed. (C) An equal number
progenitor cells (LSCTM) was transduced with a control RFP-expressing (control) or Trop2 ICD-expressing (mICD) lentivirus and plated
in triplicates in the sphere assay. Representative pictures are presented in the left panels. Bars, 100 wm. Seven days later, we observed an
increase in sphere size and number as early as Gen 1 (graphs presented on the right). Orange panels represent RFP-infected spheres
(control), and red panels show mICD-infected spheres. The ICD alone enhance self-renewal, as measured by sphere number in Gen 2.
Sphere number in each sample is presented as the percentage normalized to the RFP-infected spheres (control). Data are represented as
mean = SEM. (Right graph) Sphere size is presented in diameter in microns. Three independent experiments were performed. (D)
Generation of 293T cells line expressing secreted ECD. (Left) Conditioned medium produced by 293T expressing RFP (CM) or Trop2-
ECD-Fc and RFP (CM+ECD) was subjected to Western blot analysis with anti-ECD antibody. Equal numbers of progenitor cells
(LSCT™) were plated in triplicate and treated with conditioned medium from control 293T cells infected with REP (CM) or 293T cells
stably expressing and secreting Trop2-ECD-Fc and RFP (CM+ECD). Images show spheres grown in the presence of CM or CM+ECD.
Bars, 100 pm. No difference in sphere number was observed (left graph), while there was a significant increase in sphere size upon
treatment with CM+ECD at Gen 1 (right graph). Dark-blue bars represent spheres treated with CM, and light-blue bars represents
spheres treated with CM+ECD. Three independent experiments were performed.

et al. 2009). The spatial patterns of Trop2 and EpCAM
in the mouse prostate revealed dramatic differences in
their cellular localization. While Trop2 expression was
restricted to the progenitor-enriched region most proxi-
mal to the urethra, as previously reported (Goldstein et al.
2008), EpCAM was expressed evenly in all epithelial cells

(Supplemental Fig. S5A). FACS analysis demonstrated
that Trop2 is expressed primarily in a subpopulation of
Sca-1"CD49f" basal cells and is rarely expressed on
luminal cells, while EpCAM was expressed in all CD49f!°
luminal and CD49f" basal epithelial cells (Supplemental
Fig. S5B). We hypothesize that EpCAM and Trop2 regulate
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Figure 3. Trop2 is cleaved by RIP. Trop2 cleavage mutants are deficient in inducing self-renewal in vitro. (A) PEB-Trop2-Myc tag
cells were treated with either DMSO (vehicle), DAPT, or TAPI-2, followed by Western blot. The red arrow indicates accumulated
ICP. The ICD cannot be detected without immunoprecipitation (IP). The blue arrow indicates full-length mTrop2 (FLTrop2). Full-
length Trop2 appears between 35 and 50 kD. One out of three independent experiments is shown. Schematic representation of the
generation of 15-kD ICP upon treatment with DAPT is shown on the right. (B) TRAMP-C2 expressing mTrop2 with a C-terminal
Myc tag to follow the ICD were treated with DMSO (vehicle), DAPT, or TAPI-2. Twenty-four hours post-treatment, cells were
fixed and stained with anti-Myc tag or anti-ECD antibody and DAPI and subjected to confocal microscopy. Bar, 10 pm. One out of
two independent experiments is shown. The graph represents the percentage of cells with nuclear ICD. (C) PEB expressing Trop2-
Myec tag cells were transfected with nontargeting (Cont), PS-1, PS-2, or both PS-1 and PS-2 siRNA, followed by Western blot with
the indicated antibodies. Similar to DAPT treatment, knockdown of presenilins caused ICP appearance, as indicated by the red
arrow. The blue arrow shows full-length Trop2 (FLTrop2). One out of three independent experiments is shown. (D) PEB cells were
infected with lentivirus expressing RFP (control), mTrop2-Myc tag and RFP (mTrop2), or V286K-Myc tag (V286) mutant. Cells
were lysed and subjected to Western blot with antibodies against Myc tag or the ECD of Trop2. The red arrow shows ICP
appearance in V286K, demonstrating not fully processed Trop2. One out of three independent experiments is shown. (E) Serum-
free medium from TRAMP-C2 cells transduced with RFP lentivirus (control), mTrop2-Myc tag (mTrop2), or V188K-Myc tag
(V188K) was precipitated, followed by Western blot using commercial anti-ECD antibody or anti-Myc tag recognizing the ICD.
Only the ECD of Trop2 was detected in the precipitated media from cells expressing wild-type Trop2, but not from cells expressing
V188K. Two independent experiments were performed. (F) LSCT™ cells were isolated by FACS, and an equal number of cells was
infected with RFP (control), mTrop2, V286K, or V188K mutants expressing lentivirus and plated in triplicate. Sphere number and
diameter in microns were quantified after Gen 1 and Gen 2. (Left graphs) Sphere number in each sample is presented as the
percentage normalized to the RFP-infected spheres (control). Data are represented as mean = SEM. Sphere size measured by sphere
diameter in microns is presented in the right graphs. Purple bars represent RFP (control), blue bars indicate mTrop2, yellow bars
represent V286K mutant, and green bars indicate V188K mutant-infected spheres. Each sample in the experiment was plated in
triplicate. Three independent experiments were performed.
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distinct processes in defined cell populations even though
both proteins are regulated by RIP.

Trop2 is cleaved at two distinct sites

While EpCAM cleavage sites still remain unknown,
Notchl processing sites have been well characterized
(Schroeter et al. 1998; Mumm et al. 2000). Based on Notch
cleavage sites (Schroeter et al. 1998; Mumm et al. 2000),
we predicted the likely TACE cleavage site within the
ECD (between Alal87 and Val188) and ~y-secretase cleav-
age site within the transmembrane domain (between
Gly285 and Val286). Each valine was substituted to a
lysine (V188K and V286K). PEB cells were transduced
with the +y-secretase cleavage mutant (V286K), TACE
cleavage mutant (V188K), wild-type Trop2-Myc tag
(mTrop2), or RFP (control) lentivirus. V286K and V188K
localize on the cell surface similarly to the wild-type
Trop2, as measured by FACS (Supplemental Fig. S6A). We
tested whether mutation at the y-secretase cleavage site
would result in the appearance of ICP. Similar to treat-
ment with DAPT, accumulation of ICP was observed in
the V286K mutant but not in the wild-type Trop2 (Fig.
3D). We further tested whether the V188K mutant is
cleaved. Precipitated medium from prostate cells express-
ing TACE cleavage mutant (V188K), wild-type Trop2-Myc
tag (mTrop2), or RFP (control) lentivirus was subjected to
Western blot analysis with antibodies against Myc tag
(ICD) and the ECD. Cleaved and shed ECD was detected
in the medium from cells expressing wild-type Trop2
(mTrop2) but not from the cells expressing the V188K
cleavage mutant (Fig. 3E).

Cleavage of Trop2 is required for its self-renewal
and proliferative activity

To address whether Trop2 processing by RIP is necessary
to carry out its self-renewal function, we tested the
V286K and V188K mutants in the sphere assay (Fig. 3F;
Supplemental Fig S6B). LSCT™ cells were infected with
lentivirus expressing RFP (control), mTrop2, V286K, or
V188K cleavage mutants and plated in the in vitro sphere
assay (Fig. 3F, Supplemental Fig S6B). While heightened
levels of wild-type Trop2 promoted sphere formation, the
cleavage mutants V286K and V188K failed to enhance
self-renewal (Fig. 3F; Supplemental Fig S6B). Moreover,
V286K negatively affected sphere formation (Fig. 3F;
Supplemental Fig S6B). These results demonstrate that
V286K may have a dominant-negative effect on endoge-
nous Trop2, while V188K acts as a loss-of-function mutant.
Pharmacological inhibition of Trop2 cleavage was also
tested in the sphere assay. DAPT and TAPI-2 nega-
tively impacted sphere formation in LSCT™ cells
by reducing sphere number and size (Supplemental
Fig. STA).

We asked whether Trop2 overexpression increases the
percent of cycling cells in benign epithelial cells, as has
been reported in cancer cells (Cubas et al. 2010). Both
cleavage mutants V286K and V188K failed to increase
proliferation and demonstrated cell cycle profiles similar
to the control, while heightened Trop2 led to an increase
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in cycling cells (Supplemental Fig. S7B). Taken together,
the combined genetic and small molecule inhibition
results demonstrate that cleavage of Trop2 is necessary
for its enhanced growth and self-renewal activity in
Trop2™ cells.

Trop2 is cleaved in human prostate cancer

We next asked whether cleavage of Trop2 is observed
in human prostate cancer. Frozen serial sections (4-um
thickness) of tissues from 11 prostate cancer patients
containing both benign and cancer regions were subjected
to coimmunofluorescence with antibodies against the
ICD and ECD of human Trop2 or H&E staining (Fig. 4;
Supplemental Fig. S8). Stained tissues were analyzed for
ICD and ECD cellular localization by confocal micros-
copy. Nuclear ICD was detected only in the cancer
specimens but not in the benign counterparts in six out
of the 11 patient samples analyzed (Fig. 4; Supplemental
Fig. S8). The ECD was detected only in the cytoplasm and

Figure 4. Nuclear localization of the ICD is found in human
prostate cancer. Immunofluorescence with anti-ECD and anti-
ICD antibodies and DAPI of tissues from human prostate
cancer patients. One out of 11 patient samples is shown. A
benign region is presented in the left two columns, and a
cancer region is shown in the right two columns. Histology is
shown in the top two panels by H&E staining. Bars, 100 wm.
ICD nuclear localization can be detected only in cancer but
not in the benign prostate (green). The ECD is found in the
cytoplasm and on the membrane in the benign and cancer
regions (red). DAPI demonstrates nuclear staining (blue).
Merged images are presented in the bottom panels. In the
immunofluorescence images to visualize ICD and ECD local-
ization, bars represent 10 pm.
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on the membrane in all patient samples in both cancer
and benign regions (Fig. 4; Supplemental Fig. S8). These
results indicate that cleavage and activation of Trop2 are
associated with human prostate cancer.

Heightened expression of the ICD initiates PIN in vivo

To address the link between self-renewal and proliferative
activity of Trop2 and its role in prostate tumorigenesis,
we tested whether heightened Trop2 is sufficient to trans-
form naive epithelium and whether activation through
cleavage is required for its function (Fig. 5A). We hypoth-
esized that the expression of ICD alone will mimic active
Trop2, while a cleavage mutant will represent a loss of
function in vivo. Full-length mTrop2 was compared with
v-secretase cleavage mutant V286K, RFP alone, ICD to
mimic active Trop2, and a potent oncogenic signal such
as activated AKT in the in vivo regeneration assay (Fig.
5B). Infection efficiency was assessed by the presence of
the RFP or GFP color marker carried by each lentiviral
vector. Enhanced expression of V286K, mICD, mTrop2,
or AKT was confirmed by immunofluorescence or immu-
nohistochemistry analysis in three independent grafts.
Trop2 was able to drive hyperplasia, while the ICD was
more potent, giving rise to lesions observed upon activa-
tion of AKT that morphologically resemble PIN, a pre-
cursor to carcinoma (Fig. 5B; Bostwick and Montironi
1995). V286K regenerated grafts resembled the RFP con-
trol and showed normal tubule regeneration, demonstrat-
ing that cleavage and activation of Trop2 is required for
its transformation activity (Fig. 5B). The ECD alone was
also sufficient to induce hyperplasia in the in vivo
prostate regeneration assay (Supplemental Fig. S9).

Trop2 signals through B-catenin

Our findings that LSCT™ cells express higher levels of
B-catenin when compared with LSCT™ (Supplemental
Fig. S2) led us to investigate whether Trop2 signals
through B-catenin. A polyclonal antibody against the
ICD was generated in our laboratory to assess whether
the ICD and B-catenin physically interact. Due to higher
levels of endogenous B-catenin in TRAMP-C2 cells,
TRAMP-C2 cells expressing Trop2-Myc tag were used
in immunoprecipitation experiments. The ICD coimmu-
noprecipitates with endogenous B-catenin (Fig. 6A). We
next performed immunoprecipitation with an antibody
against the ECD of Trop2. 3-Catenin was not detected in
the ECD immunoprecipitants (Fig. 6B). We set out to in-
vestigate whether Trop2 is involved in B-catenin signal-
ing. Overexpression of Trop2 led to up-regulation of the
B-catenin downstream targets cyclin D1 and c-myc, dem-
onstrating that Trop2 signals through B-catenin (Fig. 6C,D;
Supplemental Fig. S10).

B-Catenin is required for Trop2-driven self-renewal
and hyperplasia

Having demonstrated that B-catenin binds to Trop2 and is
involved in Trop2 signaling, we next investigated local-
ization of the ICD and B-catenin in human prostate
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tissues. Nuclear B-catenin was found in the cancer region
of three out of 11 patient samples analyzed, all of which
express nuclear Trop2 ICD (Fig. 7A; Supplemental Fig.
11). Importantly, B-catenin colocalized with Trop2 ICD in
all three patients (Fig. 7A; Supplemental Fig. 11). Nuclear
colocalization was restricted to the cancer region and was
not observed in the benign region (Fig. 7A; Supplemental
Fig. 11).

To determine whether the biological activity of Trop2
is dependent on B-catenin, we investigated the link
between B-catenin and Trop2-driven self-renewal and
hyperplasia. Trop2 was overexpressed in wild-type or
B-catenin-deleted epithelium and tested for self-renewal
potential. LSCT™ cells from B-catenin conditional knock-
out mice (loxP/loxP) were infected with either mTrop2-
and RFP-expressing or RFP-expressing lentivirus and
either Cre recombinase- and GFP-expressing (to drive
excision of loxP sites, B-cat /") or GFP-expressing (B-cat™/*)
lentivirus and plated in the sphere assay (Fig. 7B; Supple-
mental Fig. S12). Trop2 was able to drive an increase in
sphere formation only in the presence of B-catenin (Fig.
7B; Supplemental Fig. S12). Loss of B-catenin abrogated
the self-renewal driven by heightened Trop2 and showed
baseline self-renewal activity comparable with the control.

To assess whether the activity of Trop2 is dependent on
B-catenin in vivo, Trop2 was overexpressed in wild-type
or B-catenin-deleted epithelium and tested for the abil-
ity to drive hyperplasia in the in vivo regeneration assay.
Dissociated primary prostate cells from B-catenin con-
ditional knockout mice were transduced with mTrop2
and RFP and either Cre recombinase-and GFP-express-
ing (B-cat”/~) or GFP-expressing (B-cat*/*] lentivirus.
Transduced prostate cells were combined with UGSM
cells and subjected to in vivo regeneration. Upon histo-
logical analysis of the recovered grafts, we observed that
Trop2 was able to induce hyperplasia only in the pres-
ence of B-catenin (mTrop2/B-cat*/*| (Fig. 7C). Loss of
B-catenin blocked the hyperplasia induced by height-
ened Trop2 (mTrop2/B-cat~/~) and showed normal pros-
tate tubule regeneration (Fig. 7C). These findings dem-
onstrate that Trop2 function requires the presence of
B-catenin (Fig. 7B,C).

Discussion

Recent evidence suggests that many human cancers arise
from transformed stem cells due to their enhanced self-
renewal capacity (Visvader, 2011). Identifying the factors
that regulate self-renewal will enhance our understand-
ing of the tumorigenic process and lead to the design of
novel cancer therapies. We showed here that Trop2 is
a new regulator of stem/progenitor activity in the pros-
tate. Trop2 controls self-renewal, proliferation, and tissue
hyperplasia through two cleavage products (ICD and
ECD) generated by RIP. We speculate that elevated
expression of Trop2 is selected for in cancer due to its
capacity to enhance self-renewal and proliferation.

We found that Trop2 cleavage is mediated by both PS-1
and PS-2 in the +y-secretase complex. Our observations
that knockdown of PS-1 and, to lesser extent, PS-2
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Figure 5. Trop2 and the ICD alone drive hyperplasia in vivo. (A) Schematic representation of the in vivo regeneration assay and
lentiviral construct used. (B) Dissociated primary prostate cells were transduced with lentivirus expressing RFP (control), Trop2, mICD,
V286K, or AKT. Infected prostate cells were combined with UGSM and subjected to the in vivo regeneration assay. Eight weeks later,
grafts were recovered, fixed in formalin, and sectioned for histological analysis. The Ileft panels represent immunofluorescence (IF)
showing infected tubules, and the middle panel shows immunofluorescence with anti-Trop2 ECD or immunohistochemistry (IHC)
with anti-ICD or anti-AKT, respectively. The right two panels show the histology of the recovered grafts. One out of three independent

experiments is shown. Bars: right panels, 200 or 50 pm.

resulted in elevated surface Trop2 suggest that PS-1 is the
predominant enzyme involved in Trop2 processing. In
contrast, EpCAM cleavage by RIP is carried out strictly by
PS-2 (Maetzel et al. 2009).

Analysis of Trop2 and EpCAM localization in the
mouse prostate revealed that these related proteins have

different expression patterns, which may have a biological
consequence. While we demonstrated that Trop2 regu-
lates self-renewal and tissue regeneration, no evidence
has been provided to support a functional role for EpCAM
in adult stem/progenitor cells. The Notch family of
receptors provides one example of highly homologous
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proteins carrying differential functions. Notch1, Notch2,
and Notch3 are expressed in distinct cell populations
within the thymus, are regulated by RIP, and induce
analogous signaling cascades (Felli et al. 1999). Both
Notchl and Notch2 are expressed in myeloid progenitor
cells, but they are each cleaved in response to different
cytokines, supporting unique downstream signaling pat-
terns (Bigas et al. 1998).

Upon activation by RIP, we determined that Trop2
signals through B-catenin. Trop2 was not able to induce
self-renewal and hyperplasia upon B-catenin loss, dem-
onstrating that the Trop2 self-renewal and transformation
function is dependent on B-catenin activity. Abnormal
B-catenin localization is found in 71% of prostate cancer
patients, and high levels of B-catenin are associated with
metastatic prostate cancer (Yardy and Brewster 2005;
Yardy et al. 2009). Elevated levels of Trop2 are found in
localized and metastatic human prostate cancer com-
pared with benign prostate tissue (T Stoyanova, AS
Goldstein., ] Huang, H Zhang, and ON Witte, unpubl.).
We now demonstrate that nuclear B-catenin colocalizes
with the ICD within the nucleus. This colocalization is
restricted to cancer regions and does not occur in the
benign tissues. Nuclear ICD is also observed in prostate
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Figure 6. Trop2 signals through B-catenin. (A)
Trop2 ICD binds B-catenin. Cell lysates from
TRAMP-C2 cells expressing either RFP (control) or
the mTrop2-Myc tag and RFP (mTrop2) were sub-
jected to immunoprecipitation using antibodies
against the ICD raised in our laboratory (ICD
immunoprecipitation), followed by Western blot
with anti-Myc tag (ICD) (on the left) or anti-B-catenin
(on the right) antibodies. Trop2 is shown between
35 and 50 kD due to high glycosylation. One out of
three independent experiments is shown. (B) Lysates
from TRAMP-C2 cells transduced with a RFP-
expressing lentivirus (control) or mouse Trop2 and
RFP lentivirus (mTrop2) were subjected to immu-
noprecipitation with polyclonal antibody against
the ECD of Trop2, followed by Western blot with
anti-Myc tag (ICD) or anti-B-catenin antibodies. No
interaction between the ECD and B-catenin was
observed. One out of three independent experi-
ments is presented. (C) Overexpression of Trop2
increases B-catenin target genes. Lysates from PEB
expressing RFP (control) or mouse Trop2 (Trop2)
were subjected to SDS-PAGE followed by Western
blot with anti-Trop2 ECD, anti-cyclin D1, anti-
c-myc, or anti-B-actin antibodies. One out of three
independent experiments is shown. (D) RNA iso-
lated from PEB expressing RFP (control) or mouse
Trop2 (Trop2) was subjected to cDNA synthesis,
and quantitative PCR was performed in triplicate
using mouse-specific cyclin D1 and c-myc primers.
One out of three independent experiments is shown.
Fold change of cyclin D1 and c-myc mRNA levels is
normalized to GAPDH (internal control).

cancer patients with low levels of nuclear B-catenin.
Additional analysis will need to be performed to investi-
gate the relationship between high nuclear 8-catenin that
colocalizes with the ICD and the clinical outcome of
prostate cancer patients.

Due to its elevated expression in a broad range of
epithelial cancers, Trop2 is a promising target for thera-
peutic intervention. Antibodies against Trop2 were used
as carriers of radioactive elements or toxins to the tumor
sites and demonstrated great anti-cancer efficacies in
xenograft models of multiple cancers (Shih et al. 1995;
Stein et al. 1997; Govindan et al. 2004; Cardillo et al.
2011). Trop2 antibodies can also be used as direct thera-
peutic effectors. Nonconjugated Trop2 antibodies exhibit
potent anti-cancer activity in cancer xenografts of many
epithelial cancers (Young et al. 2008; Alberti 2012). These
studies suggest that the antibodies interfere with Trop2
signaling, most likely by compromising cancer self-re-
newal and proliferation. Thorough interrogation of the
functional role of Trop2 in stem/progenitor self-renewal
and transformation and of the molecular mechanisms of
Trop2 function defined in our study will be applicable in
developing novel targeted therapies. Activation and sig-
naling driven by Trop2 require RIP, as cleavage mutants



Trop2 regulates self-renewal and transformation

Figure 7. Trop2 regulates self-renewal and
transformation though B-catenin. (A) Immu-
nofluorescence of tissues from human pros-
tate cancer patients with anti-ICD and anti-
B-catenin antibodies and DAPI One out of
11 patient samples is shown. A cancer re-
gion is presented in the top panels, and
a benign region is shown in the bottom
panels. The ICD (green) colocalizes with
B-catenin (pink) in the nucleus only in
cancer but not in the benign prostate. DAPI
demonstrates nuclear staining (blue). Merged
images are presented in the bottom panels.
Bars, 10 pm. (B) Trop2-mediated enhanced
self-renewal requires B-catenin. Isolated
progenitor cells (LSCTM) from B-catenin
conditional knockout mice (loxP/loxP) were
infected with either mTrop2- and RFP-
expressing lentivirus or control RFP (RFP)
and either Cre recombinase- and GFP-
expressing lentivirus (to drive excision of
loxP sites, p-cat~/~) or control GFP-express-
ing lentivirus (B-cat*/*]. Infected cells were
plated in triplicate in the sphere-forming
assay, and sphere numbers were quantified
7 d post-plating for Gen 1 and further
passaged to Gen 2. (Left graphs) Sphere
number in each sample is presented as the
percentage normalized to the RFP control.
Data are represented as mean = SEM. One
out of three independent experiments is
shown. (C) Dissociated primary prostate
cells from B-catenin conditional knockout
mice were transduced with either mTrop2-
and RFP-expressing lentivirus and either
Cre recombinase (mTrop2/B-cat™/~) or GFP
(mTrop2/B-cat*’*) and combined with UGSM
and subjected to the in vivo regeneration

assay. Eight weeks later, grafts were recovered, fixed in formalin, and sectioned for histological analysis. The left four panels represent
histology (H&E staining). The right panels show immunohistochemistry (IHC) with anti-g-catenin or immunofluorescence with anti-
Trop2 ECD and DAPL Bars: right panels, 100 or 50 pm. (D) Trop2 is activated through RIP by the TACE and vy-secretase complex. RIP of
Trop2 results in shedding of the ECD and release of the ICD to the nucleus. The ICD promotes self-renewal through B-catenin. The
models suggest that the ICD promotes transformation through its self-renewal activity.

were deficient in self-renewal and transformation, sug-
gesting that inhibition of regulated processing might
inhibit proliferation and survival in prostate cancer cells
(Fig. 7D). Small molecules able to block Trop2 pro-
teolysis or monoclonal antibodies that interfere with
Trop2 processing and activation could represent a promis-
ing strategy to target not only prostate, but other epithelial
cancers exhibiting elevated levels of Trop2 (Fig. 7D).

Materials and methods

Vector production

Mouse Trop2 was PCR-amplified from pCR-BluntII-TOPO vec-
tor containing the ORF of mouse Trop2 (purchased from Open
Biosystems). Trop2 was modified by adding a Myc tag at the
C-terminal end, and Xbal restriction digest sites were added to
both ends. The amplified Trop2 was subcloned into the Xbal site
of FUCRW downstream from the ubiquitin promoter. Trop2 ICD

was PCR-amplified, and Xbal and EcoR1 sites were added,
followed by subcloning into FUCRW downstream from the
ubiquitin promoter.

To generate V188K and V286K Trop2 mutants, mouse Trop2
was subcloned in pBSKSII vector. Stratagene’s QuikChange site-
directed mutagenesis kit was used to introduce a single-amino-
acid change with the following oligonucleotides: V188K (CTT
CCTATCCGCGAAACACTATGAGGAGCCCACC and GGTG
GGCTCCTCATAGTGTTTCGCGGATAGGAAG) and V286K
(TAGCGGTAGTGGCTGGTAAGGTGGTCTTGGTGGT and
ACCACCAAGACCACCTTACCAGCCACTACCGCTA). V188K
and V286K Trop2 mutants were subcloned into the FUCRW Xbal
and EcoR1 sites downstream from the ubiquitin promoter.

The BLOCK-iT Polll miRNAIi expression vector kit was used
for generation of miRNA scrambled-GFP and miRNA Trop2-GFP
with the following oligonucleotides: miRNA scrambled-GFP
(TGCTGAAATGTACTGCGCGTGGAGACGTTTTGGCCACT
GACTGACGTCTCCACGCAGTACATTTCAGG) and miRNA
Trop2-GFP (TGCTGAACTCAATGAGGATGTGGTGGGTTTT
GGCCACTGACTGACCCACCACACTCATTGAGTTCAGG).
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Viral packaging

Third-generation lentiviral vectors FUCGW and FUCRW, de-
rived from FUGW (Lois et al. 2002; Xin et al. 2006), were used for
the construction of the mouse Trop2, ICD, ECD-Fc, V286K, and
V188K cleavage mutant overexpression.

Mouse strains

C57BL/6 and CB17°¢19/5¢4 mouse strains were purchased from
The Jackson Laboratory. Mice were housed in the Univer-
sity of California at Los Angeles (UCLA) animal facilities
under the regulation of the Division of Laboratory Animal
Medicine.

Prostate regeneration assays

Housing, maintenance, and all surgical procedures were un-
dertaken in compliance with the regulations of the Division of
Laboratory Animal Medicine of UCLA. All experimental pro-
cedures were approved by the Division of Laboratory Animal
Medicine of UCLA. The details of the regeneration process
have been explained previously (Lukacs et al. 2010).

Prostate cell dissociation, cell sorting, and in vitro sphere
assay

Isolation of prostate epithelial cells, antibody staining, and FACS
for LSCT™, LSCT™, and luminal cells were performed as pre-
viously described (Goldstein et al. 2008; Lukacs et al. 2010). Five
thousand to 50,000 sorted LSCT™ or LSCT' prostate cells were
used for sphere assay following the previously published protocol
(Lukacs et al. 2010).

Prostate patient samples

Patient samples were obtained from the UCLA Translational
Pathology Core Laboratory (TPCL), which is authorized by the
UCLA Institutional Review Board (IRB) to distribute annonymized
tissue to researchers. All tissues were from prostatectomy spec-
imens that contained prostate cancer as well as benign prostate.
Fresh prostates were serially sectioned into five to seven slices,
depending on their sizes. Levels 2 and 4 were submitted to the
TPCL. Each level was divided into four quadrants, and a rapid-
frozen section diagnosis was performed. Cancer and benign areas
were clearly marked on the frozen section slides, and the frozen
tissue was stored in —80°C freeze. Additional sections were cut
from the tissue for H&E staining and immunofluorescence
studies.

Western blot and immunoprecipitation

For Western blot assay, cells were washed twice with 1X PBS and
lysed in RIPA buffer contacting 50 mM Tris-HCI (pH 8.0), 150
mM NaCl, 0.1% SDS, 0.5% SD, 1% NP-40, 1 mM EDTA,
cocktail protease inhibitors (Roche), and phosphatase inhibitor
1 and 2 (Sigma). Extracts (10-50 pg) were subjected to sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis, fol-
lowed by blotting to nitrocellulose with the indicated antibodies.
For immunoprecipitation, cells were lysed by suspension in 2 vol
of buffer containing 0.4 M NaCl, 20 mM Tris-HCI (pH 7.5), 0.1%
NP-40, 5% (v/v) glycerol and cocktail protease inhibitors
(Roche), and phosphatase inhibitor 1 and 2 (Sigma). Extracts
(500 wg) were subjected to immunoprecipitation with 1 pg of
anti-ICD, anti-ECD or with isotype-matched immunoglobulin
(IgG) followed by Western blot.
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Immunofluorescence

For cytospins and immunofluorescence, 1 X 10° cells were spun
on slides and fixed in ice-cold acetone, followed by staining with
the indicated antibodies. Antibodies and dilutions are provided
in the Supplemental Material. Slides were counterstained with
DAPI and visualized with confocal fluorescence microscopy.

Immunohistochemistry

Indicated tissues were fixed in 10% buffer formalin and paraffin-
embedded. Four-micron sections were deparaffinized in xylene
and rehydrated in 100%, 95%, and 70% ethanol. Antigen re-
trieval was performed with citrate buffer (pH 6.0) for 20 min at
95°C. Sections were further blocked using mouse-on-mouse
blocking reagents (Vector Laboratories, BMK-2202). The sections
were incubated with the indicated antibodies overnight. Slides
were washed with 1X PBS and incubated with anti-mouse HRP
or anti-rabbit HRP antibodies (DAKO) for 1 h, developed with
HRP substrate (DAKO), and counterstained with hematoxylin.

Antibodies

Western blot analysis and immunoprecipitation experiments
were performed using the following antibodies: anti-Trop2
ECD (R&D Systems, FAB1122A, FABI1122F, and BAF1122),
anti-Myc tag (Cell Signaling, no. 2276S and no. 22.78), anti Erk-2
(Santa Cruz Biotechnology, sc-154), anti-a-tubulin (Santa Cruz
Biotechnology, sc-5286), anti-PS-1 (Cell Signaling, no. 5643S),
anti-PS-2 (Cell Signaling, no. 2192), anti-cyclinD1 (Cell Signaling,
no. 2926), anti-B-catenin (Transduction Laboratories, 610454),
anti-EpCAM (Abcam, ab68892), and anti-EpCAM C terminus
(Epitomics, 1144-1).

siRNA

On-Target Plus smart pool siRNA targeting mouse PS-1 and PS-2
and nontargeting siRNA control were purchased from Dharmacon
as previously described (Zhao et al. 2010): PS-1 siRNA (CC
AAAGGCCCACUUCGUAU, GAAGGAUAGCUCCGAGUAA,
GGAGCAUUCUAACGAGUGA, and CCGGAAGGACGGUC
AGCUA) and PS-2 siRNA (CCUCAAGUAUGGGGCGAAA,
CUAUCAAGUCUGUGCGUUU, AAGAGGACCCGGACCGC
UA, and CAGCUUGCCUGUCGGAGCA).

Inhibitors

DAPT (10 pM) (Sigma Aldrich, D5942) or 40 M TAPI-2 (Enzo
Life Sciences, BML-PI135-0001) were used.

Statistical analysis

All experiments were performed with at least three different
primary cultures or animals in independent experiments. Signif-
icance was evaluated by Student’s t-test. Data are presented as
mean * SEM.

ICD antibody generation

Anti-ICD rabbit polyclonal antibody was generated by Open
Biosystems, following the Custom Polyclonal Antibody Pro-
duction protocol. Briefly, KLH-conjugated mouse and human
ICD peptides were used as antigens (mouse, TKRRKSGKYKK
VELKELGEMRSEPSL; human, TNRRKSGKYKKVEIKELGELR
KEPSL). Immunoglobulin fraction was purified from the rabbit
serum through protein A/G purification. Purified immunoglobulins



were tested by ELISA, immunoprecipitation, immunofluores-
cence, and immunohistochemistry for reactivity with the mouse
and human ICD.
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Figure S1. Schematic representation of sphere assay and constructs used. (A) Schematic of the
in vitro sphere assay with a representative fluorescence-activated cell sorting (FACS) plot used
for purification of LSCT"™ and LSCT" primary mouse prostate cells. (B) 293T cells were
transfected with mouse Trop2 (mTrop2) and scrambled miRNA or different Trop2 miRNA
expressing constructs (1-4). Trop2 miRNA #2 was chosen for further experiments. (C) Prostate
epithelial cells transduced with mTrop2 were either treated with PNGase F or left untreated
(control). Trop2 is highly glycosylated and appears as an irregular band between 35 and 50 kDa.
Treatment with PNgase F removes N-linked glycans from Trop2. (D) Schematic representation
of lentiviral constructs used for ectopic expression of Trop2, ICD, ECD and cleavage mutants

V286K, V188K.



Figure S2. LSCT" cells express lower level of A-catenin. LSCT" and LSCT" primary mouse
prostate cells were isolated by FACS. Cells were stained with anti-pB-catenin or anti-Trop2
antibodies and Propidium lodine (PI) followed by confocal microscopy. White arrows point to
LSCT® cells with low expression of [-catenin. Scale bars represent 10 microns. Mean

fluorescence intensity of B-catenin and Trop2 staining in LSCT™ and LSCT" cells is plotted.



Figure S3. Trop2 ECD induces cleavage of Trop2. TRAMP-C2 cells were infected with
lentivirus expressing mouse Trop2 ICD (mICD). Cells were fixed and subjected to
immunofluorescence using anti-ICD or a control (IgG) antibody. Confocal microscopy images
are presented. Scale bars represent 10 microns. (B) PEB-Trop2-Myc-tag cells were either
treated with conditioned media from 293T infected with a control RFP lentivirus (CM) or from
293T cells stably expressing and secreting Trop2-ECD-Fc and RFP (CM+ECD) at two different
concentrations. Cell lysates from PEB cells (Cell lysate) and the conditioned media from 293T
infected with a control RFP lentivirus (CM) or from 293T cells stably expressing and secreting
Trop2-ECD-Fc and RFP (CM+ECD) (Media) were subjected to SDS Page followed by western

blot with anti-Myc-tag or anti-Trop2 ECD antibody.



Figure S4. Down-regulation of PS-1 leads to increased surface Trop2 expression. (A) Intensity
of Trop2 full length signal in Figure 3A was quantified and normalized to Erk2 using Image J
software. The quantification values were normalized to the Vehicle control. (B) Intensity of
Trop2 full length signal in Figure 3B was quantified and normalized to a-tubulin using Image J
software. The quantification values were normalized to the Control si. (C) PEB cells transduced
with mTrop2-RFP were transfected with control, PS-1, PS-2 or both PS-1 and PS-2 siRNA and
stained with anti-Trop2 ECD antibody followed by FACS analysis. Fold change of mean

fluorescent intensity compared to control siRNA is shown.



Figure S5. Trop2 and EpCAM are differentially expressed in the mouse prostate. (A)
Immunohistochemistry of a representative 12 week old mouse prostate stained with antibodies
against the extracellular domain of Trop2 indicated as Trop2 (ECD) or EpCAM. Arrows indicate
tubules with high or low levels of Trop2 and corresponding EpCAM staining. Scale bars
represent 1 mm (left panels) or 100 microns (right panels). (B) FACS analysis of Trop2 and
EpCAM surface levels in basal and luminal primary prostate cells. Luminal cells were gated on
CD49f " and Sca-1" and are marked in green. Basal cells (LSC) were gated on CD49f " and

Scal®and are marked in pink.



Figure S6. Trop2 cleavage mutants localize to the cell surface but are deficient in inducing self-
renewal in vitro. (A) FACS analysis of PEB cells transduced with lentivirus carrying RFP
(Control), mTrop2, V188K or V286K and stained with anti-Trop2 ECD antibody for analysis by
FACS. mTrop2, V188K and V286K localize to the cellular membrane. (B) Representative
pictures of spheres expressing mTrop2, V286K or V188K mutants from Figure 3F. Scale bars

represent 100 microns. Bottom panels show RFP expression, indicating the infection efficiency.
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Figure S7. Cleavage of Trop2 is necessary for its self-renewal and proliferative function. (A)
Equal numbers of progenitor cells (LSCT™) were plated in triplicate and treated with DMSO,
DAPT, TAPI-2 or the combination of DAPT and TAPI-2 every 48h hours. Upper panels show
images of spheres grown in the indicated conditions. Scale bars represent 100 microns. Sphere
number and sphere size was reduced upon treatment with DAPT and TAPI-2 (bottom graphs).
Sphere size was measured at Gen 1. (B) Cell cycle analysis of PEB cells transduced with
lentivirus carrying RFP (Control), mTrop2, V188K or V286K and stained with PIl. Both mutants

V188K and V286K fail to increase cycling PEB cells.



Figure S8. Nuclear localization of ICD is found in human prostate cancer. Table shows patient
samples analyzed in Figure 4. Pathologic stage is based on the 7" Edition AJCC Cancer Staging

Manual. The presence (Yes) or absence (No) of nuclear ICD is shown in the last two columns.
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Figure S9. ECD alone drive hyperplasia in vivo. Schematic representation of the in vivo
regeneration assay and lentiviral constructs used is presented. Dissociated primary prostate cells
were transduced with lentivirus carrying RFP (Control) or ECD-Fc. Infected prostate cells were
combined with UGSM and subjected to the in vivo regeneration assay. Eight weeks later, tissues
were removed and gland histology was examined. Left panels represent immunofluorescence
(IF) showing infected tubules, middle panels show IHC with anti-Trop2 ECD. Right two panels
show the histology of the recovered grafts. One out of two independent experiments is shown.

Scale bars represent 100 or 50 (right panels) microns.
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Figure S10. Over-expression of Trop2 increases f-catenin target genes (A) Intensity of cyclin
D1 signal in Figure 6C was quantified and normalized to B-actin using Image J software. (B)
Intensity of c-myc signal in Figure 6C was quantified and normalized to -actin using Image J

software. In both cases, the quantification values were normalized to the Control.

12



Figure S11. Trop2 co-localizes with p-catenin in human prostate cancer. Complete
immunofluorescence panel presented in Figure 7A is shown. Human prostate cancer patient
samples were stained with anti-ICD, ECD and anti-B-catenin antibodies and DAPI. ICD (green)
co-localizes with -B-catenin (pink) in the nucleus only in cancer, but not in the benign prostate.
DAPI demonstrates nuclear staining (blue). Merged images are presented in the bottom panels.

Scale bars represent 10 microns.

13



Figure S12. Trop2 regulates self-renewal though f-catenin. Representative pictures of spheres

shown in Figure 7B. Scale bars represent 100 microns.
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